Wheat kernel shape and size has been under selection since early domestication. Kernel morphology is a major consideration in wheat breeding, as it impacts grain yield and quality. A population of 160 recombinant inbred lines (RIL), developed using an elite (ND 705) and a nonadapted genotype (PI 414566), was extensively phenotyped in replicated field trials and genotyped using Infinium iSelect 90K assay to gain insight into the genetic architecture of kernel shape and size. A high density genetic map consisting of 10,172 single nucleotide polymorphism (SNP) markers, with an average marker density of 0.39 cM/marker, identified a total of 29 genomic regions associated with six grain shape and size traits; ~80% of these regions were associated with multiple traits. The analyses showed that kernel length (KL) and width (KW) are genetically independent, while a large number (~59%) of the quantitative trait loci (QTL) for kernel shape traits were in common with genomic regions associated with kernel size traits. The most significant QTL was identified on chromosome 4B, and could be an ortholog of major rice grain size and shape gene GS3 or qGL3. Major and stable loci also were identified on the homeologous regions of Group 5 chromosomes, and in the regions of TaGW2 (6A) and TaGASR7 (7A) genes. Both parental genotypes contributed equivalent positive QTL alleles, suggesting that the nonadapted germplasm has a great potential for enhancing the gene pool for grain shape and size. This study provides new knowledge on the genetic dissection of kernel morphology, with a much higher resolution, which may aid further improvement in wheat yield and quality using genomic tools.
B
read wheat (Triticum aestivum L.), with an annual harvest of ~700 million tons, is a primary staple crop worldwide, and accounts for ~20% of human calorie consumption (http://faostat.fao.org, verified 17 Dec. 2015). To ensure global food security, increasing grain yield of this important crop is a primary objective of breeding programs. One of the most important components of grain yield is kernel weight, which has a strong positive correlation with kernel size and shape (Gegas et al., 2010; Russo et al., 2014; Wu et al., 2015) . Increase in kernel size was positively selected during domestication, and thus represents one of the components of domestication syndrome (traits by which domesticated plants differ from wild relatives) in wheat (Fuller, 2007) . During the transition from the ancestral species to domesticated wheat, wheat kernels changed from long, thin kernels into wider and shorter kernels (Fuller, 2007; Okamoto et al., 2012) . Kernel shape in wheat, however, does not appear to have been a major component of the wheat domestication syndrome. Rather, it became important in recent times due to market preferences and industry requirements (Gegas et al., 2010) .
Kernel morphology traits (size, shape, and uniformity) are important components of breeding programs because they determine market value due to their association with milling yield (i.e., flour quality and yield). Prediction models show that large, spherical grains are optimal for milling (Evers et al., 1990) . Test weight or kernel weight by volume (kilograms of mass per liter bulk grain) is a primary criteria used to grade wheat before milling, and is associated with kernel shape or size, as they impact how grains pack (Campbell et al., 1999) . Kernel size, kernel weight, and test weight were also found proportional to a dough factor (flour yield plus water absorption; Baker et al., 1999) . Recurrent selection for kernel weight has been reported to improve flour yield (Wiersma et al., 2001) . Kernel size also can affect seedling vigor, with larger kernels showing highest seedling vigor and germination rate, thus promoting grain yield (Botwright et al., 2002; Farahani et al., 2011) . The association of kernel morphology with yield, test weight, milling, and baking quality means that the selection for kernel traits in early generations, using MAS, may contribute to improved yield and end-use quality in wheat breeding programs.
Most kernel morphology traits are quantitatively inherited, and are often influenced by environment (Patil et al., 2013) . In the past, several studies to dissect the genetic basis of kernel shape, size, and weight have been conducted (Sun et al., 2009; Gegas et al., 2010; Ramya et al., 2010; Tsilo et al., 2010; Prashant et al., 2012; Williams and Sorrells, 2013; Zhang et al., 2013; Maphosa et al., 2014; Rasheed et al., 2014; Russo et al., 2014; Wu et al., 2015) . Not surprisingly, these studies reported the presence of QTL for these traits on almost all of the wheat chromosomes. Stable and major QTL controlling grain shape and size were found on several chromosomes, including chromosomes 2A , 2D (Breseghello and Sorrels, 2007) , 4A (Echeverry-Solarte et al., 2015) ; 5A ; 5B (Breseghello and Sorrels, 2007; Ramya et al., 2010) , and 6A . In addition to main effect QTL, role of QTL × QTL epistatic interactions were documented for kernel shape and size characteristics (Xiao et al., 2011; Prashant et al., 2012; Patil et al., 2013) and kernel weight (Gupta et al., 2007) .
Almost all of the studies dissecting the genetics of kernel shape and size have used mapping populations developed from elite genotypes (Sun et al., 2009; Gegas et al., 2010; Ramya et al., 2010; Tsilo et al., 2010; Prashant et al., 2012; Williams and Sorrells, 2013; Zhang et al., 2013; Maphosa et al., 2014; Rasheed et al., 2014; Russo et al., 2014; Wu et al., 2015) . In modern elite varieties, although the KW has increased, the KL has decreased, in comparison to the old varieties, because of preference for more uniform seeds. However, a greater variability in kernel size and shape compared with modern varieties is present in primitive hexaploid wheat (Gegas et al., 2010) . Thus, the genetic variability between wild or nonadapted and domesticated or modern wheat lines can help in the identification of new genetic loci or alleles involved in the control of grain shape and size traits (Evers et al., 1990; Gegas et al., 2010) . This knowledge offers an opportunity to utilize nonadapted germplasm for further improvement of wheat yield and quality through selection of alleles conferring optimal kernel size and shape (large and round kernels).
Moreover, almost all of the previous studies for kernel shape and size QTL identification in wheat were based on low resolution maps containing only hundreds of molecular markers (Sun et al., 2009; Gegas et al., 2010; Ramya et al., 2010; Tsilo et al., 2010; Prashant et al., 2012; Williams and Sorrells, 2013; Maphosa et al., 2014; Rasheed et al., 2014) . Because bread wheat has a large and complex genome (~17 Gb, 2n = 42, AABBDD) with ~ 80% repetitive DNA (IWGSC, 2014) , a dense genetic linkage map would facilitate a more complete genetic dissection of phenotypic traits, and successful implication of marker-trait association information in marker-assisted breeding programs. A high resolution genetic linkage map may also serve as a better starting point for positional cloning of important loci controlling kernel morphology traits. Recently, the Infinium iSelect 90K assay containing 81,587 SNPs based on transcriptome analysis of several wheat accessions was developed . The high throughput assay serves as an excellent tool for investigating the genetic basis of phenotypic variation (PV) in wheat.
Toward the goal of gaining deeper insight into the genetics of kernel shape and size, a RIL population was developed from a cross of an elite and a nonadapted genotype and evaluated for kernel shape and size characteristics (KL, KW, kernel length width ratio [KLWR] , kernel area [KA] , thousand-kernel weight [TKW] , and test weight [TW] ). A high density SNP map using the Infinium iSelect 90K assay was developed and used to decipher the genetics of kernel characteristics, and to identify closely associated markers for marker-assisted breeding. The study also provides a deeper understanding of association of KL and KW with TKW, which is one of the most important components of yield. To the best of our knowledge, this is the first study reporting the genetic dissection of kernel shape and size characteristics in hexaploid wheat using a SNP marker assay of this density.
Materials and Methods

Plant Material
A population of 160 RILs was developed from a cross between an elite line "ND 705" and an exotic line "PI 414566" (or WCB462). ND 705 is a hard red spring wheat (HRSW ) line developed by the HRSW breeding program at North Dakota State University (NDSU), Fargo, ND. PI 414566 was obtained from the USDA National Small Grains Collection and is originally from China. PI 414566 is a facultative type of tall wheat, with brown kernels, and is susceptible to diseases such as stripe rust. The elite genotype ND 705 had higher KW and TKW than PI 414566, while the seeds of PI 414566 had higher values for KL than ND 705. The RIL population was advanced through single seed descent method to F 8 generation. The study also used seven genotypes as checks. These include 'Alsen' (PI 615543; Frohberg et al., 2006) , 'Steele-ND' (PI 634981; Mergoum et al., 2005) , 'Glenn' (PI 639273; Mergoum et al., 2006) , 'Faller' (PI 648350; Mergoum et al., 2008) , 'Barlow' (PI 658018; Mergoum et al., 2011), 'Briggs' (PI 632970; Devkota et al., 2007) , and 'Alpine'. All the check cultivars are HRSW varieties, except Alpine, which is a hard white spring wheat variety.
Field Experiment
The RILs, parental lines, and checks were evaluated in the summers of 2009 and 2010 at Prosper and Carrington, ND. In 2009, the planting dates were May 7 at Carrington, and May 28 at Prosper. Lines were planted in a 13 by 13 partially balanced square lattice design, with two replicates. The plot size for planting each line in a replication consisted of seven rows of 2.44 m length and 12.7 cm apart. Sowing rate was 113 kg ha -1 in all environments. In 2009, the experiments included the F 8:9 RILs, their parents, and checks. The harvesting dates were 26 Aug. at Carrington for all the lines except the parent PI 414566, which was harvested on 6 Oct. At Prosper, all the lines were harvested on 18 Sept. except PI 414566, which was harvested on 13 Oct.
In fall 2009, the RILs were sent to New Zealand winter nursery for seed increase. Consequently, in 2010, the experiments included the F 8:11 RILs, their parents, and checks. In 2010, the planting dates were 21 Apr. at Carrington, and 20 May at Prosper. The harvesting dates were 18 and 27 Aug. at Carrington and Prosper, respectively.
The parental genotype PI 414566 matured late in the first year, as it needed vernalization treatment. So in the second year, the seeds of PI 414566 were vernalized, and thus matured at the same time as other genotypes. To avoid any major effect of late maturity on seed size and shape traits, all the seed material was harvested only after complete maturity, and were uniformly dried for several days, before phenotypic analyses. The data on seed shape and size was then recorded when all the seed samples have about 12% moisture content. However, we suggest that further studies need to be conducted to understand in detail, the role of growth period in causing variation for grain shape and size.
Data Collection
The kernel traits were determined by digital image analysis (DIA). For each line, from each replication, a 10 g sample of kernels was placed on a backlit glass platform within a predefined field of view. A digital camera was mounted at 1 m height from the platform. Kernels were manually positioned on the platform ensuring they were not touching each other, and a photograph was taken. The images were processed with Aphelion (Amerinex Applied Imaging, Amherst, MA) DIA software as described in Doehlert et al. (2004) to determine each kernel's major and minor axis, and image area. The major axis represented the KL (mm), the minor axis represented the KW (mm), and the image area was the KA (mm 2 ). Means were calculated from 10 g samples for each plot (Doehlert et al., 2004) . KLWR was calculated by dividing the KL mean by the KW mean for each plot. The TKW (g) was calculated based on the number of kernels in a 10-g sample. Test weight, also called kernel weight by volume (kg m -3 ) was measured according to the American Association of Cereal Chemist International Method 55-10.01 (AACCI, 2008) . Kernel length, KW, and KLWR represent kernel shape traits, while KA, TKW, and TW represent kernel size traits (Breseghello and Sorrels, 2007) .
To compare different methods for accurate estimation of kernel characteristics, kernel width and TKW were also measured by Single Kernel Characterization System (SKCS) 4100 instrument (Perten Instruments, Springfield, IL). The two kernel traits measured by SKCS and DIA were highly correlated (r = 0.9 for TKW and 0.85 for KW). However, SKCS methods showed problems with samples having small kernel size by overestimating their weight or size. SKCS used 300-kernel samples, but the small kernels included in the sample were usually discarded. Therefore, due to the lack of accuracy of the SKCS method, the data estimated by DIA was used in this study.
Phenotypic Data Analysis
The phenotypic data was subjected to ANOVA using the MIXED procedure of the Statistical Analyses System (SAS Institute, 2004) . Within the mixed model, the RILs, their parents, and checks were considered fixed effects, while environments and blocks were considered random effects. The ANOVA was conducted within and across environments. Because error variances were homogeneous among the four environments, a combined analysis of variance was conducted for all the traits.
Mean separation test was performed using an F-protected least significant difference (LSD) value at P £ 0.05 level of significance for each evaluated trait. Pearson correlations between kernel traits were calculated for single environments using the CORR procedure of SAS (SAS Institute, 2004) .
Single Nucleotide Polymorphism Genotyping and Map Construction
Lyophilized young leaves were used to isolate genomic DNA for each genotype from F 8:12 plants using DNeay Plant Mini Kit (Qiagen, Valencia, CA, cat. no. 69106 ). DNA quality was assessed through visual observation on 0.8% agarose gel. DNA concentrations were measured with a NanoDrop 1000 spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE). DNA samples were sent to the Small Grains Genotyping Lab, USDA-ARS, Fargo, ND, for SNP analysis using the Illumina 90K iSelect wheat SNP assay. The data was analyzed using genotyping module of GenomeStudio V2011.1 (www.illumina.com, verified 18 Dec. 2015).
The Illumina iSelect 90K assay produced data for a total of 81,587 SNPs. Out of these markers, a total of 13,524 SNP markers polymorphic between parental genotypes were identified. However, out of those 13,524 SNP markers, 3321 markers were discarded for any of the following reasons: (i) allele frequency of <0.4 for any of the parental genotypes, (ii) inconsistent results in four replicates of each parental genotype, (iii) overlapping clusters for RILs, and (iv) >20% missing data. The genotypic data for 10,203 SNPs was used for genetic map construction using a combination of MapMaker 3.0 (Lander and Botstein, 1989) and CarthaGène v.1.2.3R (de Givry et al., 2005) software. In the first step, from 10,203 polymorphic markers, a total of 170 SNPs were selected as anchors, based on available information . These anchors localize onto all 21 wheat chromosomes with 5 to 10 markers per chromosome that covered the whole length of the chromosome, and were mapped earlier on the same chromosome in multiple populations . Using MapMaker 3.0 (Lander and Botstein, 1989) and the anchor markers, a total of 10,172 polymorphic markers (out of 10,203) were placed onto 21 wheat chromosomes based on a minimum LOD score of 5.0 and maximum distance of 40 cM. The marker order and genetic distances for these groups were then estimated using CarthaGène V.1.2.3R (de Givry et al., 2005) software as described in our earlier studies (Kumar et al., 2012a (Kumar et al., , 2012b Seetan et al., 2013 Seetan et al., , 2014 . First, the markers with identical mapping information (double markers) were removed. Second, we used the build command (heuristic approach) to develop an initial map. The build process starts with the pair of most strongly linked markers and inserts the remaining markers incrementally. Third, greedy search is used to enhance the map. Fourth, genetic and simulated annealing algorithms are used to find an enhanced map in case a local improvement exists. Finally, a fixed-length sliding window is applied to try all permutations within the window size and check if a better map can be achieved. The genetic distances were obtained using the Kosambi's mapping function (Kosambi, 1944) . The final maps were drawn using Mapchart 2.2 program (Voorrips, 2002) . The linkage maps were compared with eight different 90K SNP maps using the program Autograph (Derrien et al., 2007 ; http://autograph.genouest.org/), to check the accuracy of the marker order.
Quantitative Trait Loci Mapping
Composite interval mapping (CIM) was conducted to identify main-effect QTL for each trait in each environment as well across environments (AE) using QTL Cartographer V2.5_011 . In QTL Cartographer, Model 6 (standard model), forward and backward regression, five control markers (co-factors), windows size of 10 cM, and walk speed of 1 cM was used. LOD threshold to identify the significant QTL were calculated using 1000 permutations. Confidence intervals (CI) were estimated by ± 2 LOD (from the peak) method using QTL Cartographer. The QTL with overlapping CIs or QTL located within 10 cM region were considered as one QTL. Only the QTL detected above threshold LOD score were included in this study. If any such significant QTL was identified with LOD below the threshold, but >2 in other environments, the QTL were also included in the results as supporting information. Only those QTL which were identified in at least two environments (out of four) or were associated with at least two traits were reported in this study. Multiple interval mapping (MIM), using the default setting in Cartographer v.2.5_011 , was also conducted to test if the QTL detected by CIM are involved in any epistatic interactions. A cumulative R 2 of all QTL identified in individual environments for a particular trait was calculated using R software (R Development Core Team 2010) and R/QTL package (Broman et al., 2003) . We used makeqtl and fitqtl functions to estimate the combined R 2 by fitting all QTL identified by CIM in the model. MapChart 2.2 (Voorrips, 2002) was used to draw the linkage groups. Graphical genotypes were prepared using the software GGT (van Berloo, 2008) .
Map locations of the associated markers were used to suggest if the QTL identified in the present study has been reported earlier in other studies or not. However, most of the earlier studies for genetic dissection of grain shape and size were based on SSR or DArT markers (Gegas et al., 2010; Tsilo et al., 2010; Prashant et al., 2012; Patil et al., 2013; Maphosa et al., 2014; Xu et al., 2014) , and the present study was based on only SNP markers. So, the SNP based maps developed in this study were aligned with other available maps that contained both SSRs and SNPs from Infinium 9K or 90K assays (Desiderio et al., 2014; Russo et al., 2014; Wu et al., 2015) to identify the SSR markers present in the QTL regions. Closely mapped SSRs were also identified from GrainGenes website (http://wheat. pw.usda.gov/cgi-bin/graingenes/browse.cgi?class=marker, verified 18 Dec. 2015). These SSRs were then used to compare the locations of the QTL mapped in this study with the QTL mapped in earlier studies.
Results
Phenotypic Variation and Correlation Analysis
The RIL population showed variation for all the six kernel shape and size traits ( Fig. 1, 2 ; Table 1 ). The elite genotype ND 705 showed higher values than the nonadapted genotype PI 414566 for KW, KA, TKW, and TW, while PI 414566 had higher values for KL and KLWR than ND 705 (Table 1 ). All the kernel traits showed continuous variation, suggesting a polygenic inheritance (Fatokun et al., 1992; Tsilo et al., 2010) . Transgressive segregation in both directions were observed for KL in the RIL population, with most of the lines showing longer grains than PI 414566 ( Fig. 2) , suggesting the presence of superior QTL alleles for increased length in both parents. For KW, KA, TKW, transgressive segregation in the direction of better parent was observed, with several RILs showing higher values than ND 705 for these traits. Few RILs also showed transgressive segregation in both directions for KLWR; however, no such lines were observed for TW in the RIL population.
Kernel length showed a positive and significant correlation with KLWR, KA, and TKW, while a negative and moderate correlation of KL and TW was observed (Table 2) . On the other hand, KW showed a highly significant positive correlation with TKW and KA. Kernel width was also positively correlated with TW, but a strong negative correlation was observed between KW and KLWR (Table 2) .
A lower KLWR value indicates a kernel with a spheroid or round shape (short and plump) while a kernel with a high KLWR value exhibits a cylindrical shape (tall and thin). KLWR was positively associated with only KL, while negatively associated with KW, TKW, and TW (Table 2) . Kernel area had also a strong positive correlation with KL, KW, and TKW, but mostly nonsignificantly correlated with KLWR and TW. Thousand-kernel weight was positively correlated with all the traits except KLWR, and has a very strong association with KL and KA. Test weight was positively associated with KW and TKW, while negatively associated with KL and KLWR. Overall, the correlation analysis showed that most of the kernel characteristics are associated with each other (Table 2) .
The ANOVA showed significant differences among the genotypes for all the kernel traits. Also, environment had a significant effect on all traits as indicated by a significant treatment × environment interaction (Table 3 ). In general, the kernel traits showed higher values in Carrington compared to Prosper, suggesting that the climatic conditions were more favorable in Carrington than at Prosper for spring wheat production in both 2009 and 2010.
Genetic Linkage Map
Out of a total of 10,203 markers (for details, see Materials and Methods section) selected for linkage mapping, we were able to map a total of 10,172 markers onto 29 linkage groups representing 21 wheat chromosomes (Table 4 ; Supplementary Table 1 ). The 10,172 markers represented a total of 2591 unique loci (25.5%); 7581 (74.5%) markers co-segregated with other loci. The B-genome contained the most number of markers, followed by the A-genome and D-genome (Table 4 ). The number of markers on individual linkage groups ranged from 19 (6D2) to 1166 (2B), while for individual chromosomes, the number of markers ranged from 20 (chromosome 4D) to 1166 (chromosome 2B; Table 4 ). The average number of markers mapped per chromosome was 484.4, while the average number of unique loci per chromosome was 123.4.
The 10,172 (2591 loci) markers mapped in this study covered a total genetic map length of 4676.1 cM, with an average distance of 0.46 cM between any two markers ( Table 4 ). The A-genome chromosomes covered a total length of 2040.1 cM, with an average distance of 0.47 cM between two markers. The B-genome had a total map length of 1974 cM, with an average distance of 0.39 cM between two markers. The D-genome covered a total map length of 662 cM with an average distance of 0.87cM between two markers. Individually, chromosome 7A was the longest, with a total map length of 373.9 cM. Chromosome 4D was the shortest, with a total map length of 58.8 cM. Overall, observed marker order was consistent when compared with earlier published genetic maps . 
Quantitative Trait Loci Analysis
Quantitative Trait Loci for Kernel Length
Composite interval mapping (CIM) for KL identified a total of 10 QTL, which were located on eight different chromosomes (Table 5 ; Fig. 3 ; Supplementary Table 2) . Out of the 10 QTL associated with KL, four QTL located one each on chromosome 3A, 4B, 5B, and 7A explained >10% PV for KL and, were considered major QTL. The QTL with largest and consistent effect for KL in this population was identified on chromosome 4B, and explained up to 20.49% of PV for KL. This QTL was identified in all the environments except one. The major QTL identified in all the environments as well as in the overall mean were located one each on linkage groups 3A2 and 5B. The fourth major QTL, located on 7A, was identified in all the environments except one, and contribute up to 17.28% of PV for KL. The alleles for increased KL at four loci, including three major QTL (located on 3A, 4B, 7A), were contributed by PI 414566, while ND 705 contributed the positive alleles for the remaining five minor and one major QTL (Tables 5 and 6 ).
Quantitative Trait Loci for Kernel Width
A total of nine QTL, including five major QTL, were identified for KW (Table 5 ; Fig. 3 ; Supplementary Table  2) . These QTL were located on eight different chromosomes. The phenotypic variation explained (PVE) by individual QTL ranged from 3.09 to 19.30%. The QTL identified on linkage group 2D3 was considered most important, as it was consistently detected in all the environments as well in the mean data, and contributed up to 16.68% of PV for KW. The positive alleles for increased kernel width at this locus were contributed by ND 705, the elite genotype. The other four major QTL for KW were located, one each on chromosomes 3B, 4A, 5A, and 7A and were identified in two or three environments. Overall, the elite parent ND 705 contributed the positive alleles at six loci, including four major QTL (located on 2D3, 4A, 5A, 7A). The nonadapted genotype PI 414566 also contributed positive alleles for one major (located on 3B) and two minor QTL for KW (Tables 5 and 6 ). ** Significant at the 0.01 probability level. † KL = kernel length, KW = kernel width, KLWR = kernel length width ratio, KA = kernel area, TKW = thousand-kernel weight, TW = test weight. 
Quantitative Trait Loci for Kernel Length Width Ratio
For KLWR, a total of 14 QTL were identified on 11 different chromosomes (Table 5 ; Fig. 3 ; Supplementary Table  2 ). Five QTL showed major effect on KLWR. The alleles for increased KLWR at four (out of five) major QTL were contributed by the nonadapted genotype PI 414566. Similarity, the alleles for increased KLWR at six (out of nine) minor QTL were contributed by PI 414566. The most stable major QTL (PV up to 23.96%) for KLWR was observed on chromosome 5A, which was identified in all the environments as well as in the mean data across environments. The alleles for increased KLWR at the major and stable loci identified on 2D3, 5A, and 7A were contributed by PI 414566, the nonadapted genotype (Tables 5 and 6 ).
Quantitative Trait Loci for Kernel Area
Composite interval mapping identified a total of 11 QTL for KA, which were located on 10 different chromosomes (Table 5 ; Fig. 3 ; Supplementary Table 2) . Seven of the QTL contributed >10% PV for KA and were considered major. The highest PV (up to 16.16%) for KA was explained by a stable QTL identified on chromosome 4B. Chromosome 7A had the most stable major QTL (PVE up to 15.81%) associated with KA in this population, which was identified in all the environments and the means across environments. The nonadapted genotype PI 414566 contributed the alleles for increased KA at 4B and 7A loci. Overall, the alleles for increased KA at five (out of seven) major QTL were contributed by PI 414566, while ND 705 contributed positive alleles at the remaining two major and four minor loci (Tables 5 and 6 ).
Quantitative Trait Loci for Test Weight
A total of seven QTL, located on five different chromosomes were associated with TW (Table 5 ; Fig. 3 ; Supplementary Table 2 ). Overall, the PVE by these QTL ranged from 3.91 to 21.22%, with two QTL showing major contribution for TW (PVE > 10%). The most stable QTL with major effect was identified on 4B and contributed up to 21.22% of PV for TW. Another major QTL (PVE = 10.80) for TW was located on 4A and could be identified in only Carrington 2009 environment. The alleles for increased TW at four loci, including both major QTL, were contributed by ND 705, the elite genotype (Tables 5 and 6 ).
Quantitative Trait Loci for Thousand-Kernel Weight
For TKW, a total of 10 QTL were identified in this population (Table 5 ; Fig. 3 ; Supplementary Table 2) . Individually, these QTL explained 3.34 to 17.65% of PV for TKW, with five QTL showing major effects (PVE > 10%). Two major QTL were identified on chromosome 5A, while one major QTL each were located on linkage groups 3D1, 4B, and 7A. Both parents contributed alleles for increased TKW; however, for six loci including four major loci, the nonadapted parent PI 414566 contributed the alleles for increased TKW (Tables 5 and 6 ). # The QTL in that environment was detected above 2 LOD score but below threshold LOD score. 
Co-Localized or Pleiotropic Quantitative Trait Loci
Co-localized QTL help in the simultaneous improvement of several traits through selection, if the desirable alleles are contributed by the same parent. In this study, a total of 61 QTL were identified for six kernel associated traits. These QTL were located on 17 different chromosomes of the wheat genome (all except 1A, 1D, 4D and 6D). These QTL were located in 29 genomic regions ( Fig. 3 ; Supplementary Table 2 ); one genomic region represents all QTL with overlapping CIs or QTL located within 10 cM region. Eighteen genomic regions had 50 co-localized or pleiotropic QTL, with individual genomic region having QTL for two to five traits. One region located on chromosome 4B harbored QTL for five traits, including major QTL for KL (QKL.ndsu.4B), KA (QKA.ndsu.4B), TKW (QTKW. ndsu.4B.2), TW (QTW.ndsu.4B.1), and minor QTL for KLWR (QKLWR.ndsu.4B). Four genomic regions, located one each on chromosome 2D (QTL-6), 5B (QTL-19), 7A (QTL-27) and 7D (QTL-29), were associated with four of the kernel characteristics each. The QTL-6 region had stable and major QTL for KW (QKW.ndsu.2D), KLWR (QKLWR.ndsu.2D.2), and minor QTL for TKW (QTKW. ndsu.2D), and TW (QTW.ndsu.2D.2). The QTL-19 region on chromosome 5B was associated with stable and major effect on KL (QKL.ndsu.5B.1) and KA (QKA.ndsu.5B.1), while exhibiting a minor effect on KLWR (QKLWR. ndsu.5B) and TKW (QTKW.ndsu.5B). The QTL-27 region, located near the telomeric end of 7AL, has stable and/or major QTL for KL (QKL.ndsu.7A), KW (QKW.ndsu.7A.2), KA (QKA.ndsu.7A), and TKW (QTKW.ndsu.7A). The QTL-29 genomic region on chromosome 7D was associated with KL, KW, TKW, and KLWR.
Three different genomic regions, located one each on 3B (QTL-9), 4A (QTL-11), and 5A (QTL-17), harbored QTL for three different traits. Ten genomic regions had QTL for two traits, while 11 genomic regions harbored QTL for a single trait only (Table 5 ; Fig. 3; Supplementary Table 2 ).
Epistatic Interactions
To identify if the QTL detected by CIM are involved in epistatic interactions, MIM was conducted using QTL cartographer. Multiple interval mapping used multiple marker intervals simultaneously to fit all the putative QTL in the model for mapping. In this study, for each environment separately, all the QTL identified by CIM were added to create a new model which was used to conduct MIM. However, the MIM analysis could not identify any significant epistatic interaction between the QTL detected by CIM, for any grain shape and size trait.
Comparative Mapping of Major Quantitative Trait Loci on 4B (QTL-15) with Rice
The coding sequences (CDS) of rice (Oryza sativa L.) showing best hits for SNPs mapped in the QTL-15 (4B) region were selected from Wang et al. (2014) . The genomic locations of these rice CDS were identified from Gramene database (http://gramene.org/, verified 18 Dec. 2015). The comparative analysis showed that QTL-15 (4B) region is highly syntenous to rice chromosome 3 ( Fig.  4; Supplementary Table 3 ). The SNP markers flanking the peak position of major QTL for KL (QKL.ndsu.4B, located at 74.8 to 83.0 cM), TKW (QTKW.ndsu.4B.2, located at 57.2 to 74.8 cM), KA (QKA.ndsu.4B, located at 73.8 to 79.1 cM), TW (QTW.ndsu.4B.1, located at 84.9 to 104.9 cM), and KLWR (QKLWR.ndsu.4B, located at 111.5 to 119.7 cM) showed sequence similarity with rice chromosome at 12.29 to 29.46 Mb, 28.32 to 29.46 Mb, 27.25 to 28.32 Mb, 3.25 to 29.46 Mb, and 1.85 to 4.98 Mb, respectively ( Fig. 4; Supplementary Table 3 ). The rice chromosome 3 harbors the two cloned genes GS3 (Fan et al., 2006; Mao et al., 2010) and qGL3 (Zhang et al., 2012) for grain size and shape. GS3 (Fan et al., 2006; Mao et al., 2010) and qGL3 (Zhang et al., 2012) are located at 16.729 and 25.793 Mb, respectively, and effect mainly grain length, weight, and yield. These results suggest that major QTL identified in this study on 4B (QTL-15) could be an ortholog of GS3 or qGL3. However, taking into account the abundance of rearrangements in this wheat region vis-a-vis rice chromosome 3 ( Fig. 4; Supplementary Table  3 ), more detailed studies focused on this region need to be conducted to establish, if any, othologous relationship between QTL-15 and GS3 or qGL3. (5) 4 (1) 6 (4) 3 (2) 4 (2) 4 (2) 6(4) -3(1) TW 7 (2) 4(2) 3 (0) 2 (1) 3 (1) 3 (1) 2 (2) 3(1) - † KL = kernel length, KW = kernel width, KLWR = kernel length width ratio, KA = kernel area, TKW = thousand-kernel weight, TW = test weight. ‡ Number in parentheses represent the number of QTL with major effect (R 2 > 10%). § Positive alleles symbol + indicates alleles from ND705; -indicates alleles from PI 414566.
Identification of Improved Germplasm for Breeding Programs
To identify improved germplasm, which combine desirable alleles from both parents, 10 RIL with highest values for each of the traits except KLWR were analyzed. When compared with the parental and check cultivars, each of the selected RIL showed better phenotypic performance for TKW, KL, KA, and comparable values for GW and TW (data not shown). As TKW is the most important component of grain yield, the analysis of the pool of best 10 RIL for each trait showed that seven lines for KA, five lines each for KL and KW, and two lines for TW were present in the pool of best 10 lines for TKW. This confirms the results of correlation analysis. The graphical genotype of two lines which figured in the list of best 10 lines for TKW, KL, KW, and KA shows that these two lines combine almost all the desirable QTL alleles from both parents (Fig. 5) . These lines are useful resource that could be exploited through marker assisted breeding programs for developing wheat varieties with optimal grain shape and size and, ultimately, improved yield. 
Discussion
High Density Linkage Maps
The recently developed Infinium iSelect 90K SNP assay offers new opportunities for genomic studies in wheat (IWGSC, 2014; Russo et al., 2014; Wang et al., 2014; Wu et al., 2015) . The array is based on geneassociated SNPs, and combines high-throughput genotype calling with low genotyping cost, making it an excellent tool for analyzing genome-wide variation in wheat and comparative studies with other cereal genomes. A total of 10,172 SNPs markers representing 2591 loci were mapped onto 21 chromosomes in this study. Most of the co-segregating markers were clustered in the centromeric regions of the chromosomes, which is expected as these regions are known to have very low levels of genetic recombination and thus show low genetic polymorphism (Kumar et al., 2012a) . These co-segregating loci in low recombination regions, however, could be resolved using other approaches like radiation hybrids (Kumar et al., 2012a (Kumar et al., , 2012b . The use of the Infinium iSelect 90K assay for genotyping in this study resulted in much improved genome coverage and several fold resolution compared to most of the previous maps which were used for dissection of kernel shape and size traits (Sun et al., 2009; Gegas et al., 2010; Ramya et al., 2010; Tsilo et al., 2010; Prashant et al., 2012; Williams and Sorrells, 2013; Maphosa et al., 2014; Rasheed et al., 2014) . Marker density of 0.46 cM/ marker or 1.80 cM/locus thus represents an improvement over earlier published genetic maps, and is comparable with the few available studies which used the 90K Infinium iSelect assay (Russo et al., 2014; . The genetic map length of 4676.1 cM also was comparable with other published maps of hexaploid wheat based on the Infinium iSelect 90K assay, where map sizes ranged from 3911 to 5867.30 cM . In our study, the A-genome has the longest length, while D-genome has the shortest length. These observations were consistent with the study of Wang et al. (2014) which observed similar results for all eight mapping populations mapped using 90K SNP assay. The marker order was found to be in very good agreement when compared with several linkage maps developed using the Infinium iSelect 90K SNP assay (Cabral et al., 2014; Desiderio et al., 2014; Russo et al., 2014; Wang et al., 2014) .
We observed six of the chromosomes with two (2D) or three (3A, 3D, 5D, 6D, and 7D) linkage groups each and also there were five gaps of 30 to 40 cM, and 12 gaps of 20 to 30 cM distance. Several reasons could explain the observation of more than one linkage groups for a few chromosomes, and gaps of 20 to 40 cM. First, the linkage maps consist of only gene-based SNPs, and generich regions are interspersed by repeat elements which represent >80% of the wheat genome. The gaps may represent genomic regions with a significant amount of repeat elements. Second, the mapping parameters (LOD score > 5 and distance < 40 cM) used in the analysis were stringent. Third, two or three linkage groups for single chromosomes were mostly observed for D-genome chromosomes, which were poorly represented in the Infinium iSelect 90K assay . Moreover, almost all previous genetic mapping studies have observed low polymorphism levels for the D-genome, compared with A-and B-genome Wu et al., 2015) . D-genome is a recent evolutionary addition to the hexaploid wheat genome (~ 10,000 yr ago) and there has been limited gene flow between Aegilops tauschii Coss. and T. aestivum (Dubcovsky and Dvorak, 2007) , possibly explaining the low polymorphism rate.
About 8% (787 SNPs) of the markers mapped in this study were not present in the consensus map developed by Wang et al. (2014) , most likely because of a lack of polymorphism in the eight populations used in that study. The additional markers mapped in this study could provide additional information for comparative mapping with other species, and for anchoring BAC contigs or sequence scaffold for the whole genome sequence assembly of wheat.
Genetics of Kernel Shape and Size
Kernel shape and size traits are important components of wheat breeding programs for their effect on milling and grain yield. Although, TKW has been dissected genetically in several studies (Sun et al., 2009; Gegas et al., 2010; Ramya et al., 2010; Tsilo et al., 2010; Prashant et al., 2012; Williams and Sorrells, 2013; Zhang et al., 2013; Maphosa et al., 2014; Rasheed et al., 2014; Russo et al., 2014; Huang et al., 2015; Wu et al., 2015) , the available knowledge regarding the genetic basis of other grain shape and size traits like KL, KW, KA, and their association with TKW and TW is limited. Therefore, the present study was conducted to gain insight into the genetic basis of these traits, and to identify new useful alleles from adapted and nonadapted genotypes. Identification of a few major and several minor QTL for all the grain characteristics confirmed the polygenic control of these traits (Sun et al., 2009; Gegas et al., 2010; Ramya et al., 2010; Tsilo et al., 2010; Prashant et al., 2012; Williams and Sorrells, 2013; Maphosa et al., 2014; Rasheed et al., 2014; Russo et al., 2014; Wu et al., 2015) . The identification of grain shape and size QTL on 17 wheat chromosomes also showed a wide distribution as reported in previous studies, where QTL for grain shape and size have been found on all wheat chromosomes.
The identified QTL explained a total of 10.96 to 74.91% of the PV for a trait in a single environment, with an average of 45.2% across all traits (Supplementary Table 2 ). This means that a significant portion of PV still remains undetected. This could be because of at least three main reasons, (i) few minor QTL which could not be detected above threshold LOD score and were, thus ignored in this study, (ii) epistatic interactions, and (iii) random environmental variance. It may be noted that, in many cases, the R 2 from the combined model was less than the sum of R 2 from individual QTL. For example, the sum of R 2 for the 10 individual QTL for KA in Environment 1 was 82%, while the R 2 for the combined model with the same 10 QTL was 65.8%. This may be due, in part, to minor epistatic interactions among the detected QTL, as well as interactions with any additional undetected QTL. In this study, we could not find any significant epistatic interactions (P = 0.01) between the identified main affect QTL, using MIM. This stringent P-value was chosen to avoid false positives that would otherwise result from the very large number of interactions that are tested. Okamoto et al. (2013) also could not detect any significant interactions between main effect QTL for grain shape and size in four mapping populations of wheat. However, several studies in wheat and other crops have shown that epistatic interactions between QTL with no significant main effect (showing only significant QTL × QTL interactions) and QTL × environment interactions can play a significant role in genetic control of a variety of traits (Kumar et al., 2009; Xing et al., 2014) . So, we believe that future studies using larger mapping populations and improved statistical methods, need be conducted to identify the role of interactions, if any, between epistatic QTL (with no main effect) and QTL × environment for grain shape and size in wheat.
A majority (80.3%) of the QTL were associated with two or more grain morphology traits, suggesting that these loci either have pleiotropic effect or are closely linked. Similar results have been reported in previous studies in wheat (Gegas et al., 2010; Prashant et al., 2012; Russo et al., 2014; Wu et al., 2015) and were also expected, based on correlation analysis ( Table 2 ). The cloning of several genes for grain shape and size genes in rice and wheat also confirmed the pleiotropic effects of those genes. OsGW2 gene in rice (Song et al., 2007) and its ortholog TaGW2 in wheat (Yang et al., 2012) control KW and TKW. Similarly, the gene GS3 in rice controls KL, KW, kernel thickness (KT), and TKW (Fan et al., 2006) . Such co-localizing or pleiotropic QTL have variable effects on different traits. For example, QTL-6 region (2D) had a major and stable effect on kernel shape (KW and KLWR), but a smaller effect on kernel size (TKW and TW). QTL-8 (3A), however, showed a similar effect on both KL and KA. Similar observations have been documented in the past in wheat (Gegas et al., 2010; Russo et al., 2014) and rice (Fan et al., 2006) . Independent genetic architecture was observed for grain length and grain width, which is consistent with earlier studies (Gegas et al., 2010; Russo et al., 2014) . This was also supported by the correlation analysis, which showed nonsignificant or low level of association between the two traits (Table 2) . One possible reason for this observation could be that certain developmental constraints during fruit or grain growth can influence the length and width independently (Gegas et al., 2010) . However, a large number (~59%) of QTL for kernel shape traits in our study were localized to the same genomic regions as did QTL for kernel size traits, which was in agreement with the study of Wu et al. (2015) . Gegas et al. (2010) , however, observed that these two traits are largely under the control of different genes. Thousand-kernel weight, which is a critically important component of grain yield, also shared several common genomic regions and positive alleles with both grain shape and size traits. This was also supported by the results of correlation analysis, indicating strong and positive correlations between TKW and all other traits except KLWR. However, it is interesting that several loci for KL, KW, and KA were independently associated with an increase in TKW, meaning that selection of these independent loci for KL, KW, and KA using genomic information and tools may help selection for ideal seed shape for different wheat classes, and for further increase in TKW and grain yield.
Important Quantitative Trait Loci Controlling Kernel Shape and Size in Wheat
The most important region with major and stable effect on both kernel shape and size was identified on chromosome 4B (QTL-15). PI 414566 alleles were associated with a positive effect on TKW, KL, KLWR, and KA and negative effect on TW. The same genomic region was found associated with a stable QTL for KL in the Chinese winter wheat line Yanda1817 and with TKW, KW, KA, and a few other kernel traits, but not with KL in a T. dicoccum × T. durum population (Russo et al., 2014) . Gegas et al. (2010) also identified a QTL in the same region associated with TKW, KW, KLWR, KA, and factor form density (FFD), but not for KW. The same region had also been found associated with TKW, grain number per spike, and pH (Jia et al., 2013; Huang et al., 2015) . In rice, several QTL for grain size and shape have been reported on chromosome 3 (Huang et al., 2013) , which is syntenous to wheat chromosome 4B ( Fig. 4 ; Supplementary Table 3) . Based on synteny analysis, the major 4B QTL (QTL-15) could be an ortholog of rice gene GS3 or qGL3 located on chromosome 3. GS3, which has a major effect on KL, TKW, and a minor effect on KW and KT, is suggested to function as a negative regulator for grain size (Fan et al., 2006; Mao et al., 2010) . The GS3 genomic region in rice also harbors a major grain length gene qGL3, which encodes a putative protein phosphatase with a Kelch-like repeat domain (OsP-PKL1) and has positive effect on grain length, filling, and weight (Zhang et al., 2012) . Similar to the effects of GS3 and qGL3, QTL-15 also has a major effect on GL, in addition to other grain shape and size traits (except KW), suggesting the possibility of a similar mechanism of the underlying genes. The rice genes GS3 and qGL3 are, thus, the most probable candidate genes for the major 4B QTL, and should be the primary target for future studies aimed at cloning this QTL in wheat.
At QTL-6 (chromosome 2D), alleles from ND 705 were responsible for increase in KL, TKW, and TW, and a decrease in KLWR. Several other studies have also reported the effect of this 2DL genomic region on grain size and shape (Campbell et al., 1999; Prashant et al., 2012; Maphosa et al., 2014; Rasheed et al., 2014; Xu et al., 2014) . However, due to the lack of common markers, it was not possible to conclude whether the QTL identified in the present study are in the same location where QTL for grain shape and size were identified earlier.
Six QTL for grain shape and size characteristics were located on group-5 chromosomes, including five QTL clusters with major and/or stable effect. Map location comparisons suggest that QTL-17 (associated with KW, KLWR, and TKW), QTL-19 (associated with KL, KA, KLWR, and TKW) and QTL-22 (associated with KL and KA) are located in the homeologous centromeric regions of 5A, 5B, and 5D chromosomes (most likely on the long arms), respectively. The subtelomeric homeologous regions of chromosomes 5A (QTL-18) and 5B (QTL-20) were also associated with two traits each (KA, TKW, and KL, KA, respectively). Several other studies also have reported QTL for kernel shape and size in the same genomic regions of chromosomes 5A (Gegas et al., 2010; Ramya et al., 2010; Cui et al., 2011; Prashant et al., 2012; Patil et al., 2013; Wu et al., 2015) , 5B (Ramya et al., 2010; Cui et al., 2011; Xiao et al., 2011; Prashant et al., 2012; Rasheed et al., 2014; Wu et al., 2015) and 5D (Ramya et al., 2010; Xiao et al., 2011; Cui et al., 2011; Wu et al., 2015) where QTL were identified in this study. Prashant et al. (2012) also identified QTL for grain shape and size characteristics in the homeologous centromeric regions of 5A and 5B and homeologous subtelomeric regions of 5BL and 5DL in Rye Selection 111 × Chinese Spring RIL population. However, only the QTL located in the centromeric region of 5B, associated with SSR markers gwm67 and barc74, had stable QTL effect and was associated with multiple grain shape and size (KW, KLWR, TKW, and FFD) traits (Prashant et al., 2012) . Comparatively, all five QTL clusters for grain shape and size identified in the present study had stable and/or major effect and were associated with two to four traits each. Gegas et al. (2010) also identified QTL for TKW, KL, KW, KA, and KLWR in the centromeric region of 5A in multiple populations. In another study, QTL for spike compactness, spike length, and TKW were identified in the centromeric region of 5BL (Xu et al., 2014) , where QTL-19 was localized. This same region of 5BL (near marker barc74) has also been found associated with yield in wheat as well (Quarrie et al., 2005) , suggesting that the increased yield associated with this locus is due to the increase in kernel shape and size. This evidence suggests that homeologus group 5 chromosomes possess critically important genes with major and stable effect on kernel shape and size development in different germplasm and environmental conditions. The association of these loci with TKW and yield traits means that they should be the targets of wheat breeding programs, as well as studies aimed at cloning the underlying genes.
The QTL-27 region, located near the telomeric end of 7AL, was the only region where both KL and KW (and KA) were associated with TKW. Previously, the distal region of 7AL was found associated with kernel shape and size characteristics, including KL and KLWR (Gegas et al., 2010) , TKW, kernel diameter, and kernel size distribution (Tsilo et al., 2010) , and KW (Rasheed et al., 2014) . The QTL-27 genomic region has also been found associated with yield and yield component traits in several studies (Li et al., 2002; Zhang et al., 2010; Patil et al., 2013 , Xu et al., 2014 , including a QTL cluster with major effects on yield (Quarrie et al., 2005) . Based on the genomic location of QTL-27 and the observation that several of the grain shape and size loci are conserved across multiple populations (Gegas et al., 2010) , it is most likely that QTL-27 corresponds to gene TaGASR7, which is an ortholog of OsGASR7, a gibberellin-regulated gene that controls grain length in rice Ling et al., 2013) . In wheat, TaGASR7-A1 was identified by sequence similarity with rice GASR7 and was mapped to the telomeric end of 7AL (Dong et al., 2014) . GASR7 has been found associated with larger values of KL, TKW, KLWR, and yield, with strongest effect on KL (Ling et al., 2013; Dong et al., 2014) . In the present study, this region had the strongest effect on KL, but the most stable effect was conferred on KA. However, in contrast to previous studies in rice and wheat Ling et al., 2013; Dong et al., 2014) , GASR7 region (QTL-27) in this population was also associated with a minor effect on KW. Overall, these observations suggest that GASR7 region may play an important role in the genetic control of seed development and kernel shape and size in wheat, under a variety of environmental conditions. The positive alleles for this major and stable locus (QTL-27) were contributed by the nonadapted line PI 414566, suggesting that the introgression of this locus into adapted germplasm may improve TKW and ultimately grain yield. The QTL-29 region on the short arm of chromosome 7D could be the same QTL reported by Prashant et al. (2012) for several kernel shape and size traits, including KW and TKW.
QTL-9 (3BL) and QTL-11 (4A) were associated with three kernel shape and size traits each. QTL-9 localized to the telomeric region of 3BL and was found associated with all kernel shape traits in this population, and with GL in a previous study . QTL-11 was localized to the centromeric region of chromosome 4A, where putative QTL for TKW and KL and TKW, KW, KA, and FFD (Xiao et al., 2011) were reported earlier. QTL-8 for KL and KA was localized to the same genomic region of chromosome 3A, where Wu et al. (2015) identified QTL for KW, TKW and KT in hexaploid wheat. Gegas et al. (2010) also identified QTL for grain shape and size traits in multiple populations on chromosome 3A. The QTL for KA and TKW on chromosome 3D (QTL-10) in the present study could be the same as previously reported (Prashant et al., 2012; Rasheed et al., 2014; Wu et al., 2015) for several grain shape and size parameters. In the present study, however, both these QTL were associated with major and stable effects on the associated traits, with alleles from nonadapted line PI 414566 increasing the trait values.
QTL-23, which had a major effect on KA and a minor effect on TKW, was mapped in the centromeric region of 6AS, and most likely corresponds to TaGW2 gene (Su et al., 2011) . TaGW2 in wheat is an ortholog of OsGW2 gene in rice (Song et al., 2007) ; both of which are associated with kernel width and kernel weight in wheat (Su et al., 2011; Yang et al., 2012) and rice (Song et al., 2007) . This region has also been reported to harbor a stable QTL for yield and TKW (Simmonds et al., 2014) . The cloning of OsGW2 gene in rice (Song et al., 2007) showed that it encodes a RING-type protein with E3 ubiquitin ligase activity that negatively regulates kernel size variation through control of cell division in the spikelet hull. The loss-of-function mutations in the CDS or interference with the expression level of OsGW2 gene increased cell numbers, resulting in a larger (wider) spikelet hull, and accelerated grain milk filling rate, resulting in enhanced grain width, weight and yield (Song et al., 2007) . In wheat, studies have shown both positive and negative regulation of grain size by TaGW2 gene. In one study, it was found that TaGW2 knockdown caused significant reduction in cell number, suggesting that, in contrast to the rice OsGW2 gene, TaGW2 positively regulates grain size by controlling endosperm cell number (Bednarek et al., 2012) . Other studies, however, have found that that TaGW2 was negatively associated with grain width and weight, similar to its ortholog OsGW2 in rice (Yang et al., 2012; Hong et al., 2014; Qin et al., 2014) .
Both Parental Genotypes Contributed Beneficial Alleles for Kernel Shape and Size
The elite genotype ND705 and the nonadapted line PI 414566 contributed almost same number (30 and 31 respectively) of beneficial positive QTL alleles. This may explain the identification of some RILs with better phenotypic performance, as a result of combination of superior alleles, than both parental genotypes. The nonadapted line PI 414566, however, contributed more positive alleles (17 vs. 11) with major effects, as compared to the elite genotype ND705, suggesting that the nonadapted germplasm has considerable potential toward enhancing the existing gene pool for grain shape and size traits and for further yield improvement in wheat. The elite line ND705 contributed more positive alleles for KW and TW, while nonadapted line PI 414566 contributed more superior alleles for KL, KLWR, KA, and TKW. This is most likely because, in recent times, the market preference for more uniform seeds has resulted in the development of cultivars with increased kernel width and decreased kernel length compared with older varieties or nonadapted germplasm. The contribution of positive alleles for kernel length and width from both adapted and nonadapted germplasm thus offers an opportunity to combine these desirable alleles through modern genomic tools to obtain an optimum KA, resulting in increased TKW and grain yield.
Conclusions
The understanding of genetic basis of kernel shape and size in wheat is of immense value toward improving grain and milling yield. In this study, for the first time, a high density SNP based genetic map was developed and used to elucidate the genetic factors involved in the control of kernel shape and size traits in HRSW. This offers greater prospects for utilization of the gained information in marker assisted breeding programs for further yield gains and developing seeds on industry based needs using optimum KL, KW, KA, and TKW. At the same time, the high density maps also offer better starting platform for the fine mapping and ultimately map-based cloning of major and stable loci identified in this study. At both the morphological and genetic level, kernel shape, and size traits showed considerable association among themselves. Common as well as independent loci for KL, KW, and KA contribute to TKW, which is one of the most important traits affecting yield. Analysis of genotypic and phenotypic structure shows that both KL and KW are under independent genetic control, thus providing wheat breeders the opportunity to increase KA, which is highly correlated to TKW. Some important QTL identified in this study have been reported earlier in several studies on a wide range of materials and growing regions. These studies, along with the present research, show that the allelic variation for some of these QTL appear to occur frequently in diverse germplasm and environmental conditions.
A stable and major QTL on chromosome 4B, which could be an ortholog of grain size gene GS3 or qGL3 in rice, had the most significant effect on all kernel shape and size traits except KW. Group 5 chromosomes also played an important role in kernel shape and size as they harbored five QTL clusters with major and/or stable effect. Stable QTL with major effects were also identified in the genomic regions of TaGW2 and TaGASR7 genes on chromosomes 6AS and 7AL, respectively. The closely linked markers associated with major QTL identified in this study could be of immense value in marker assisted breeding programs aimed at improving kernel shape and size and, ultimately, yield in wheat. Further studies directed toward cloning of these important QTL will help us in further understanding of a genetic basis for kernel shape and size in wheat. More importantly, we observed that the positive alleles for several major loci were contributed by the nonadapted parent, suggesting that not all of the genetic variation for kernel shape or size from wild or nonadapted germplasm is available in the modern wheat varieties and breeding germplasm. Thus, both adapted and nonadapted germplasm has considerable potential toward enhancing the gene pool for kernel shape and size for the continued genetic improvement of wheat. The two lines which were identified in this study combine beneficial alleles, for all the important loci, from both adapted and nonadapted genotypes, and could be an excellent resource in marker assisted breeding programs for developing wheat varieties with optimal kernel shape and size and, ultimately, improved grain and milling yield in wheat.
